Introduction
D espite m any investigations we still know little about the enzym es involved in cardenolide biosyn thesis. T he m ost com m on m eth o d used to establish the proposed pathw ay ( Fig. 1) was th e feeding of radiolabelled com pounds which w ere th o u g h t to be precursors of cardenolides. In 1964 Tschesche and Lilienweiss [1] already rep o rted on the in co rp o ration of pregn(5)en-3 ß-ol-20-one-glucoside in cardenolides. L ater on, th e hypothesis th a t p re g nenolone m ight be a precursor of cardiac glycosides was supported by Tschesche and B rassat [2] and by Caspi and Lewis [3] . T he conversion of p reg nenolone to progesterone was d em o n strated by sev eral authors [4 -6 ] . P rogesterone was converted to 5 a-pregnane-3,20-dione, 5 ß-pregnane-3,20-dione, 5 a-pregnan-3 ß-ol-20-one and pregn(5)en-3 ß-ol-20-one by Digitalis lanata plants [7] . A fte r th e a p plication of progesterone, suspension cultures of Digitalis purpurea form ed 5 a-pregnane-3,20-R eprint requests to W. Kreis.
Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 0939-5075/93/0900-0713 $01.30/0 dione, 5 a-pregnan-3 ß-ol-20-on, 5 a-pregnan-3 ß ,2 0 a-d io l, pregn(4)en-20 a-ol-3-one and pregn(e)en-20 ß-ol-3-one as well as the correspond ing glucosides [8] , It is rem arkable th at only 5 a Hderivatives could be detected although all Digitalis cardenolides are 5 ßH -configured. A ctually, leaves of Digitalis lanata are able to transform proges tero n e to cardenolides [3] b u t the conversion of 5 a-p reg n an es to 5 ß -derivatives or vice versa was never observed [9, 10] . H ence, the role of the 5 aderivatives still has to be elucidated.
O nly four enzym es involved in the biosynthesis of putative cardenolide precursors have been d e scribed. Pilgrim [11] rep o rted on the occurrence of a cholesterol side-chain-cleaving enzym e (SC C E) in Digitalis seedlings and suggested th at the e n zym atic form ation of pregnenolone represents the m etabolic bottle-neck in the cardenolide pathw ay. T he prelim inary results p resented w ere never sub stan tiated by a detailed characterization of the SC C E, w hereas th e next enzym atic steps in the p u tative cardenolide pathw ay w ere investigated in m ore detail. P regnenolone is converted to proges tero n e by the A5-3 ß-hydroxysteroid dehydro genase/A 5-A4-ketosteroid isom erase (3 ß-H SD ), which probably does not play a m ajor regulatory role in cardenolide biosynthesis [12] . G ä rtn er et al. [13] characterized a p rogesterone 5 ß-reductase. This enzym e, isolated from Digitalis purpurea seed lings, is responsible for the transform ation of p ro gesterone to 5 ß-pregnane-3,20-dione. T he p roduct of this reaction was fu rth er m etabolized to 5 ß-pregnan-3 ß-ol-20-one by the 3 ß-hydroxysteroid oxidoreductase which was isolated from suspension cultures of Digitalis lanata [14] . T he corresponding prog estero n e 5 a-reductase, which is m ost probably not involved in cardenolide form ation, was isolated from th e m icrosom es of suspension-cultured D igi talis lanata cells [15] .
T he p resent p ap er describes and discusses the role of a 3 a-hydroxysteroid-5 ß-oxidoreductase occurring in suspension cultures as well as dark-and light-grow n shoot cultures of Digitalis lanata.
M aterials and M ethods

Tissue cultures
Suspension cultures of Digitalis lanata w ere p ro p agated in MS m edium [16] w ithout phytohorm ones. T he suspensions w ere grow n in 11 shake flasks kept in th e dark on gyratory shakers; they w ere m ain tain ed and subcultivated as described by K reis and R ein h ard [17] .
Shoot cultures w ere initiated from axillary tips and m aintained in 300 ml shake flasks in liquid m edium as described elsew here [18, 19] .
Application o f the precursors
T he incubations were carried out u n d er standard cultivation conditions. Shoot cultures: th e putative cardenolide p recursor u n d er consideration was dis solved in D M SO (stock solution: 20 m g m l 1) and 0.25 ml of the solution added aseptically to 50 ml culture m edium containing ab o u t 15 g w et shoots (10 ± 1 g fresh mass). Suspension cultures: A b o u t 20 g wet m ass (11 ± 1 g fresh m ass) w ere used. O th er conditions w ere as described for the shoot cultures.
Protein extraction
B etw een 3 and 6 d after transfers into fresh m e dium shoots of the culture strain D [19] A fter centrifugation (10 min at 12,000 Xg) the su p ern atan t was rem oved and its protein concen tratio n determ ined according to B radford [20] . B ovine serum album in served as the protein standard.
A cetone pow ders w ere p rep ared from 4-day-old shoots and stored at -2 0 °C until further use. The pow der was suspended in approxim ately 20 vol um es of B uffer I, after which the suspension was vortexed vigorously for 1 m in and finally centri fuged for 10 m in at 12,000 X g. The supernatant was used for the enzym e assay.
Standard assay fo r 3 a-hydroxysteroid-5 ß-oxidoreductase
T he assay was perform ed in 1. T he reaction was term inated by extracting the steroids w ith 500 [d ice-cold E tO Ac. Prior to the ex traction 10 [d of a testosterone solution (0.1 mg m l 1 E tO H ) w ere added as the internal standard. The cups w ere shaken vigorously and the phase sepa ratio n was facilitated by centrifugation (15 s at 12,000 Xg). T he upper phase was rem oved and evap o rated at 40 °C. T he residue was dissolved in 200 [d C H 2C12 and centrifuged at 12,000 X g for 10 min. T he su p ern atan t was then analyzed by GC.
Preparation o f m icrosom es
M icrosom es w ere p rep ared as described by P etersen and Seitz [21] with slight m odifications. All A fte r centrifugation (8000 X g fo r 30 m in) the su p ern atan t was rem oved and 1 m M gCl2 was ad d ed to yield a final concentration of 50 m M . T he solu tion was stirred for 20 min and th en centrifuged at 49,000 X g for 20 min. A fter rem oval of the su p e r n a ta n t the pellet was resuspended in buffer con tain ing 50 m M M gCl2. T he enzyme activities in the su p ern atan t and in the resuspended pellet w ere determ ined as described above w ith th e following m odifications: the p H of the buffer was adjusted to 7.0 and the incubation was carried o u t at 42 °C for 1 h.
E n zy m e characterization
p H O ptim um : th e effect of the buffer p H on the enzym e activity was exam ined w ith the following buffers: H E P E S -K O H (pH 6.5 to 7.5) and T R IS -HC1 (pH 7.5 to 8.5). P rotein was ex tracted w ith B u f fer I and the buffers exchanged using Sephadex G-25 columns. T em perature optim um : incubations w ere carried out at tem peratures ranging from 22 to 62 °C. T he p ro tein extracts (B uffer I) w ere p re incubated at the respective tem p eratu re for 5 min.
Product isolation and identification
A b o u t 46 g shoots w ere hom ogenized in a m o r ta r in 120 ml B uffer I. The hom ogenate was filtered th ro u g h M iracloth and centrifuged at 20,000 X g for 20 min. The su p ern atan t was divided into several po rtio n s each of which was incubated in a w aterb ath at 37 °C for 5 h with an equal volum e of B u f fer I containing 0.18 m m ol N A D P +, 2.3 m m ol glucose-6-phosphate and 6.67 (ikat glucose-6-phosp h a te dehydrogenase. The enzym e reaction was te r m inated by the addition of E tO Ac. T he buffer phase was extracted four times, each tim e with 150 ml E tO Ac. In o rd er to facilitate phase separation the m ixture was centrifuged each tim e a t 4000 x g for 10 min. 
Extraction o f pregnanes
Pregnanes w ere extracted from the tissue culture m aterial using the m ethod of W ichtl et al. [22, 23] originally devised for the extraction of cardenolides, with th e m odifications introduced by Stuhlem m er et al. [19] . T he extracts w ere analyzed by G C and TLC.
Gas chrom atography (G C)
Pregnane-containing extracts w ere analyzed on an H P 5890 gas chrom atograph connected to a 3393 A in teg rato r (H ew lett-Packard, W aldbronn, F .R .G .) using a colum n with cross-bonded 14% cyanopropylphenyl -86% m ethylpolysiloxane (R tx-1701,30 m, 0.32 i.d.; R estek Corp., Bellefonte, PA , U .S.A .). T he oven tem p eratu re was raised from 150 °C at a rate of 30 °C m in-1, then kept at 230 °C for 10 m in, after w hich the tem p eratu re was raised to 270 °C at a ra te of 30 °C m in-1. A fter 12 min at 270 °C th e analysis was stopped. T he injection vol um e was 2 (xl, injector and d etector tem perature w ere set to 280 °C. H 2 was used as the carrier gas.
Thin layer chrom atography
In addition to G C , pregnanes and pregnenes w ere identified by their R f values and colour reactions in T L C on silica gel using a m ixture of 20 p arts ethyl acetate and 80 parts chloroform (v/v) as the devel oping solvent system. Steroid spots w ere m ade vis ible by spraying the T L C plates w ith a m ixture of 0.5 ml m ethoxybenzaldehyde, 10 ml acetic acid, 85 ml m ethanol and 5 ml sulfuric acid.
Results
Biotransform ation o f pregnanes and pregnenes in vivo
5 ß-pregnan-3 ß-ol-20-one, 5 ß-pregnan-3 a-ol-20-one, 5 ß-pregnane-3,20-dione, p ro g esterone (pregn-4-ene-3,20-dione) and preg n enolone (pregn-5-en-3 ß-ol-20-one) (for structures see Fig. 1 and 2) w ere adm inistered to suspension cultures, dark-grow n shoot cultures and light-grow n shoot cultures of Digitalis lanata. Free p regnanes and pregnenes w ere analyzed by gas chrom atography. C ontrols, which w ere incubated in th e absence of th e respective precursors, contained no d etectable am ounts of free pregnanes and pregnenes.
Suspension cultures W hen adm inistered exogenously to suspensioncultured cells 5 ß-pregnane-3,20-dione was con sum ed rapidly and 5 ß-pregnan-3 ß-ol-20-one and 5 ß-pregnan-3 a-ß-ol-20-one accum ulated to levels of 9700 and 8300 nm ol g-1, respectively. In o rder to trace the back reactions, the 3 ß-hydroxy-and the 3 a-hydroxy-pregnane w ere fed to the cultured cells. B oth substrates w ere converted into th eir corre sponding 3-hydroxy isom er, probably via the in ter m ediate form ation of 5 ß-pregnane-3,20-dione. A c tually, this com pound accum ulated to considerable levels only in the experim ents with 5 ß-pregnan-3 aol-20-one b u t not in those w ith the 3 ß-isom er, indi cating th at 5 ß-pregnane-3,20-dione 3 ß-reduction is the p referred reaction in suspension-cultured cells (T able la ) . Free pregnanes could not be detected after th e adm inistration of exogenous progesterone or pregnenolone. W hen adm inistered to dark-grow n shoots 5ß-pregnane-3,20-dione was converted to 5 ß-pregnan-3 ß-ol-20-one and its 3 a-isom er. In contrast to sus p ension-cultured cells, they accum ulated neither 5 ß-pregnane-3,20-dione nor 5 ß-pregnan-3 ß-ol-20-one after the adm inistration of 5 ß-pregnan-3 a-ol-20-one (T able I b). A dm inistration o f progesterone or p regnenolone resulted in the accum ulation of 5 cx-pregnane-3,20-dione (335 nm ol gr1 d.w.) and 5 a-pregnan-3 ß-ol-20-one (1680 nm ol g-1 d.w.), re spectively. In sum m ary, 3 a-red u ctio n seem s to be th e p referred reaction.
Light-grow n shoot cultures
T h e conversion of pregnanes and pregnenes to th e ir 3 a-hydroxy derivatives was even m ore p ro nounced in light-grow n shoots, w here only traces of 5 ß-pregnan-3 ß-ol-20-one could b e detected after th e adm inistration of 5 ß-pregnane-3,20-dione (T able I c). A s in th e experim ents with dark-grow n shoots adm inistration of pregnenolone and proges te ro n e caused th e accum ulation of 5 a-p reg n an e-3,20-dione (63 nm ol g-1 d.w.) and 5 a-pregnan-3 ß-ol-20-one (465 nm ol g-1 d.w.), respectively. In these experim ents 5 ß-pregnanes could not be detected, although green shoot cultures are capable of p ro ducing the 5 ß-configured cardenolides [19] .
Characterization o f the 3 a-hydroxysteroid-5 ß-oxidoreductase
Since cardenolide-producing tissue (green shoots) and cardenolide-com petent tissue (white shoots) differed considerably from th e non-producing/non-com petent tissue (suspension-cultured cells) w ith regard to th e accum ulation o f 3 a-pregnanes we becam e interested in the enzym e catalyz ing th eir form ation. P ro tein extracts o b tain ed from th e Digitalis lanata shoot culture D [19] w ere used in th e characterization of the 3 a-h ydroxysteroid 5 ß-oxidoreductase.
O ptim ization of enzym e extraction and assay conditions T he effect of th e extraction buffer on th e enzym e activity was tested. A t low er buffer strengths the enzym e activity was higher. Sim ilar levels of e n zyme activity could be m
easured in H E P E S -K O H and TRIS-HC1 buffers, w hereas only w eak enzym e activity was d etected in M O P S -K O H buffer (T able II).
T he standard substrate (5 ß-pregnane-3,20-dione) was dissolved o r suspended in various sol vents. M axim al enzym e activity was m easu red w hen dim ethyl sulphoxide (D M S O ) was used. In o ther solvents, such as acetone, ethyl acetate, ethylene glycol, B uffer I and m ethanol, enzym e activities w ere m uch lower, reaching only 75% , 62% , 43% , 42% and 11%, respectively, of th e D M SO control.
O ptim al enzym e activity was observed at p H 7.0, w ith about 80% of th e m axim al activity at p H 6.5 and 7.5. T he enzym e activity was m axim al at 42 °C w ith a sharp decrease at higher tem peratures. This might be due to protein denaturation. The energy of activation was 56.2 kJ/m ol.
U n d e r standard incubation conditions (37 °C, B uffer I) th e conversion of 5 ß-pregnane-3,20-dione to 5 ß-pregnan-3 a-ol-20-one was linear for 1 h when th e extracts w ere adjusted to protein concentra tions betw een 0.2 and 0.8 mg per ml.
W hen th e enzym e extract was kept at 25 °C for 24 h the enzym e activity dropped to 40% of the control. H ow ever, the extracts could be stored for 24 h at -20 °C or +4 °C w ithout any obvious loss in enzym e activity.
C haracterization and localization of the 3 a-hydroxysteroid-5 ß-oxidoreductase T he effect of the bivalent cation M g2+ on the 3 a-hydroxysteroid-5 ß-oxidoreductase activity had to be tested since the form ation of the by-product 5 ß-pregnan-3 ß-ol-20-one was inhibited by high concentrations of M gCl2 [14] . A ctually, M gCl2 is re quired for optim al 3 a-reductase activity since the highest conversion rates could be observed with M gCl2 at 0.05 to 0.1 m M .
T he 3 a-hydroxysteroid-5 ß-oxidoreductase from green Digitalis lanata shoots accepted only 5ß-steroids such as 5 ß-pregnane-3,20-dione, digitoxigenone and 5 ß-androstan-3,17-dione as sub strates, w hereas derivatives with a 5 a-configu ratio n (like 5 a-pregnane-3,20-dione) o r a double b ond at position 4 or 5 (like progesterone, testos tero n e or pregn (5) T he m ajor p a rt of the 3 a-hydroxysteroid-5 ß-oxidoreductase was found to be soluble. A fter M gCl2 precipitation, only about 10% of the total 3 a -red u ctase activity was recovered from the m em brane fraction (Fig. 3) . 3 a-H ydroxysteroid-5 ß-oxidoreductase activity in d ifferent cultures
T h e activity of th e 3 a-reductase in cardenolideproducing and non-producing tissue cultures was analyzed to see if th ere is a correlation betw een the activity of the enzym e and the capability for cardenolide form ation (Table III) . T he highest enzym e activities w ere found in th e light-or darkgrow n shoot cultures (1 3 4 -2 7 4 p,kat kg"1 protein) w hereas only w eak enzym e activities w ere m eas u re d in suspension cultures (42 ^ikat kg-1) or young leaves (53 ^ikat k g '1).
Discussion
H iro ta n i and F uruya [24] carried o u t a series of bioconversion experim ents in which they adm inis te re d different pregnanes to cultured Digitalis pur- In addition, 5 ß-pregnane-3,20-dione was reduced to 5 ß-pregnan-3 a-ol-20-one and 5 ß-pregnan-3 ß-ol-20-one. H ow ever, cardenolide for m ation was n o t observed although radiolabelled 5 ß -pregnanes have been show n to be incorporated into cardenolides [25] . In sim ilar experim ents using N erium oleander cell cultures 5 ß-pregnan-3 ß-ol-20-one was isom erized to its 3 a-isom er via 5 ß-pregnane-3,20-dione; 5 ß-pregnan-3 a-ol-20-one was ultim ately conjugated to glucose [26] , A gain, as in th e experim ents of H iro tan i and Furuya [24] , no cardenolides w ere form ed. T he results we obtained w ith Digitalis lanata cell suspension cultures are consistent w ith these previous findings. In the p resen t study, not only pregnenes b ut also 5 ß-preg nanes w ere fed to b o th dark-grow n heterotrophic shoot cultures and light-grow n m ixotrophic shoot cultures of Digitalis lanata. In contrast to cell suspension cultures, w here the feeding of 5 ß -pregnane-3,20-dione caused the accum ulation of 5 ß-pregnan-3 a-ol-20-one and 5 ß-pregnan-3 ß-ol-20-one, only th e 3 a-iso m er was accum ulated in the shoot cultures. A t p resent, it cannot be ruled out th at 5 ß-pregnan-3 ß-ol-20-one was actually form ed b u t conjugated im m ediately to glucose, o ther sugars or fatty acids. Interestingly, a p art of the 5 ß-pregnane precu rso r is channelled into the cardeno lide pathw ay since its adm inistration to Digitalis lanata shoot cultures caused a 2-to 3-fold increase in th eir cardenolide content, b u t only in the lightgrown, n o t in the dark-grow n shoots (not docu m ented here). Since the th ree culture types investi gated here differed considerably in term s of their ability to accum ulate 3 a-p regnanes, we becam e in terested in th e enzym atic reactions involved in the form ation of 5 ß-pregnan-3 a-ol-20-one. T here are several re p o rts on hydroxysteroid oxidoreductases in anim al tissues. In ra t liver 3 aand 3 ß-hydroxysteroid oxidoreductases could be identified w hich accepted b o th 5 a -and 5 ß-configu rated steroids. T he respective enzym es w ere found to be soluble o r m em brane-associated [27] . T he d e p endence on red u ctants of these enzym es is very dif ferent; in general the cytosolic ones p refer N A D P H [28] , w hereas th e m em brane-bound enzym es accept N A D H and N A D P H alm ost equally [29, 30] . In contrast to recen t findings by G ä rtn er and Seitz [31] , w ho rep o rted th a t th e 3 a-hydroxysteroid-5 ß-reductase of Digitalis purpurea p refers N A D H as the co-substrate, N A D P H is clearly p referred by the Digitalis lanata enzym e described here. In addition, we found th a t the 3 a-hydroxysteroid-5 ß-reductase does not accept 5 a -ste ro id s o r A4/A5-unsaturated p regnenes like p rogesterone o r pregn(5)en-3,20-dione, w hereas 5 ß-steroids o th e r th an 5ß-pregnane-3,20-dione, like 5 ß-androstan-3,17-dione and digitoxigenone, w ere converted to th eir respective 3 a-derivatives. F u rth er com parisons cannot be draw n, since th e 3 a-hydroxysteroid-5 ß-reductase of Digitalis purpurea has n o t yet b een characterized in detail. T he Digitalis lanata enzym e exhibits m axi m al activity at p H 7.0 and 42 °C an d thus resem bles the cytosolic, N A D P H -d ep en d en t 3 a-h ydroxy steroid-5 a-oxidoreductase from ra t hypothalam us, which w orks optim ally b etw een p H 6 -1 0 and at a tem p eratu re of 45 °C [32] , and th e cytosolic 3 a -h y droxysteroid-5 a -oxidoreductase from rat p ro state, which p refers N A D P H as th e co-substrate and re quires tem p eratu res betw een 45 and 47.5 °C and a p H of 7.4 for m axim al activity.
5 ß-Pregnan-3-ones m ay be red u ced to 3 ß-hydroxypregnanes involving a 3 ß-hydroxysteroid-5 ß-oxidoreductase. This enzym e is o perative in D igi talis lanata cell cultures [31] . F ro m prelim inary in hibition studies with crude enzym e p rep aratio n s it is deduced th a t th e form ation of 3 a -and 3 ß-hydroxy-5 ß-pregnanes, respectively, are catalyzed by tw o different stereospecific oxidoreductases [31] . This assum ption is substan tiated by o u r finding th a t the 3 ß-hydroxysteroid-5 ß -oxidoreductase is strongly inhibited by Mg2+, w hereas th e 3 a-h y droxysteroid-5 ß-oxidoreductase is not.
A ll Digitalis cardenolides are 3 ß-O H -configured. T he results we obtained in th e cell-free system in dicate th a t epim erization of th e 3-hydroxy group m ay occur at different stages of th e p ro p o sed cardenolide pathw ay provided th a t free genins are available. It has been shown in several studies th at digitoxigenin is epim erized by tissue cultures of cardenolide-producing plants very efficiently to epi-digitoxigenin, its 3 a-isom er [26, 33, 34] . O n the o th e r hand, 3 a-digitoxigenin and its b io tran sfo rm ation products have not yet been detected as indigenous com pounds. In addition, digitoxigenin does not seem to be a precursor of cardenolide digitoxosides [35] . H ence, we suppose th at cardenolide-specific sugars m ay be attached to the cardenolide p recu r sor at an early pregnane stage of biosynthesis involv ing the action of stereospecific glycosyltransferases. It m ay be assum ed th a t the 3 a-hydroxysteroid-5 ß-oxidoreductase rem oves putative genin precursors at various stages of th e pathw ay. In such a way the 3 a-hydroxysteroid-5 ß-oxidoreductase may con trib u te to the regulation of the cardenolide pathw ay. 3 a-H ydroxysteroid-5 ß-oxidoreductase is very ac tive in shoot cultures, which may be one reason for the low am ounts of cardenolides accum ulating in these tissues. In dark-grow n shoots, which do not form cardiac glycosides, the 3 a-hydroxysteroid-5 ß-oxidoreductase is as active as in the light-grown shoots. Cell suspension cultures, on the o th er hand, show only w eak activity. Thus, it m ay be assum ed th a t th e 3 a-hydroxysteroid-5 ß-oxidoreductase is co rrelated with m orphological differentiation ra th e r than w ith the expression of the cardenolide pathw ay.
C ardenolide biosynthesis seems to be regulated by different m echanism s operative at various points of the pathw ay. Digitalis shoot cultures, in which cardenolide form ation can be triggered by light, seem to be well suited for studies into the regula tion of the cardenolide pathway. In o rd er to u n d er stand th e form ation of cardenolides and the regu lation of the pathw ay our main focus should be on the sequence of m odifications suggested by the putative pathw ay. In addition, other aspects like the rem oval of possible precursors from the pathw ay or the conjugation of pregnanes to cardenolide-speci fic sugars at an early stage of biosynthesis should also be considered.
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